SUMMARY Impedographic studies were made in cats made hydrocephalic by intracisternal kaolin. Enlargement of the anterior homs preceded that of the body of the lateral ventricles, and there was a selectivity to pressure atrophy among different tissues within the brain. Furthermore, sequential measurement of impedance using chronically implanted electrodes demonstrated a gradual decrease of impedance in the periventricular white matter during the development of hydrocephalus, suggesting an expansion of the extracellular space in the tissue around the ventricular wall. Methodfor production ofexperimental hydrocephalus
It is well known that the principal pathogenic mechanism of hydrocephalus is disturbance in cerebrospinal fluid circulation. However, there is limited knowledge of the pathophysiological processes within the brain tissues.
Impedography, developed by one of the authors (ST) in 1970,' "scans" the interior of the brain by recording tissue impedance around the tip of an electrode moved through multiple, closely spaced, parallel trajectories. By employing analogue display of these data, we can reconstruct the gross morphology of a brain along any selected plane. We employed this technique to investigate the morphological and pathophysiological changes in hydrocephalic cats. Furthermore, sequential measurements of cerebral tissue impendance were carried out, using chronically implanted electrodes, in order to investigate the electrochemical changes in the hydrocephalic brain.
Method
Techniquefor recording cerebral impedography Forty nine adult cats weighing 2-8 to 4 0 kg were used in the experiments. Animals were anaesthetised with intraperitoneal pentobarbital sodium (30 mg/kg) and placed in a stereotaxic head holder. After making a midline scalp incision, a narrow transverse window was cut in the skull (1-5 mm wide) parallel to the coronal suture using a dental drill. Care was taken to avoid injuring the dura mater at the Methodfor production ofexperimental hydrocephalus Study ofbrain tissue impedance in the hydrocephalic cat amount of 250 mg/ml suspension of sterilised kaolin in saline was injected into the cisterna magna. Animals became inert and did not take food by themselves for 2-3 days. Therefore, forced feeding or infusion of nutrient was usually needed. Performance ofcerebral impedography Fifty seven impedographies ofliving brain were carried out at various periods from I to 9 weeks after intracisternal kaolin injection in 32 cats. Impedography ofnormal living brain was also done in 9 untreated cats. After completion of the impedography, the brain was perfused with saline followed by 10% formalin through the catheters inserted into the bilateral common carotid arteries. The brain was removed and immersed in 10% formaline solution thereafter. Impedography of the dead brain was performed on the formalin-fixed brain in 27 cats after immersion in saline for 24 hours and then embedded with gelatine. In 12 animals, impedography of the normal brain was carried out 2-3 weeks prior to intracisternal injection of kaolin, then repeated 2 weeks thereafter. In this manner, observations of the interior of the brain were available in the same animal during the progression of the hydrocephalus. Impedography of the living brain was done at the desired coronal plane level. In the dead brain, however, several different planes were chosen. Sequential measurements of tissue impedance ofthe hydrocephalic brain by chronically implanted electrodes The bipolar impedance electrodes were implanted into the periventricular white matter, corpus callosum, caudate nucleus, thalamus and midbrain reticular formation in two cats. The electrode consisted of two parallel 32 G nichrome wires 1 mm apart, insulated except at the cut ends with epoxy resin. Two months later, when the excitability of these brain tissues due to electrode insertion was reduced, and the stability of the electrode implants was secured, kaolin suspension was injected into the cisterna magna. Tissue impedance was then measured repeatedly by each electrode before and every 2 to 3 weeks after kaolin injection.
Measurements of impedance were made with a sine-wave signal at a frequency of20 kHz. The bipolar electrode formed one arm of a Wheatstone bridge. During impedance measurements, 2 pa of high frequency current passed through the brain, and resistance and capacitance of the bridge were completely balanced at each measurement using a cathode ray oscillograph. The measurement procedures have been described in detail in the previous reports. both impedographic images and in brain slices.
Excluding 8 animals which died within a week following kaolin injection, ventricular dilatation was observed in 30 of 32 cats (93 8%). Impedographs show striking similarities to the cut surface of the brain. White matter has high impedance which appears light, and gray matter has low impedance shown as darker tones. Cerebrospinal fluid has the lowest impedance, so that the ventricles are Higashi, Noda, Tachibana We also tried to make impedographs at a more anterior plane and at an earlier stage than 1 week. Figure 3 shows the impedographs at the level of A-20, or 8 mm anterior to A-12. With these figures, it is demonstrated that in the most anterior part of the lateral ventricles, enlargement occurred as early as 24 hours after intracisternal kaolin injection. It rapidly progressed and was very pronounced after 5 days. Thus we observed a difference in the development of ventricular dilatation depending on the location of the ventricles. As the ventricular dilatation progressed, atrophy of the periventricular white matter and the caudate nucleus became evident. The periventricular lucency which is usually seen in the computerised tomography (CT) of developing hydrocephalus was not observed in the impedographs.
On the impedographs at the above mentioned three levels of the coronal plane, we measured the width of the caudate nucleus, corpus callosum, periventricular white matter, and thalamus and compared these with results in control animals. Measurements were also made in the course of progression of hydrocephalus. In general, tissue impedance was higher in the dead brain than in the living brain; impedance value ranged from 10 to 20 kohms in the dead brain, while that was 3 to 10 kohms in the living brain. Therefore, contrast of the picture was sharper in the impedograph of the dead brain. (fig 1) Although brain morphology can be observed serially during development of hydrocephalus, only a few reports have been published about the changes in the size of the ventricular system in kaolin-treated animals. Granholm7 studied the size of the ventricles by means of planimetry of the ventricular surface in coronal section of rabbit's brain which had been treated by intracisternal kaolin. He found that the dilatation of the ventricles occurred soon after the kaolin injection, and they became more than four times larger than the normal ventricles at 7 days after the injection. Edvinsson and West8 studied the relation between intracranial pressure and ventricular size at various stages of experimental hydrocephalus in rabbit. They observed a highly significant increase in the ventricular size concomitant with a remarkable increase in ventricular fluid pressure (VFP) 2 days after the intracisternal injection of kaolin. The ventricles remained significantly larger than those in the controls 7 and 30 days after the kaolin injection, though the VFP had returned almost to the control level. Murata et al9 studied ventricular size in hydrocephalic dog using CT images and stated that the degree of ventricular enlargement was most remarkable in the first week and reached the maximum size in the 4th to 6th week.
By use of cerebral impedography, we can visualise the interior structure of the brain in living animals. The appearance is similar to a cut surface of the brain. is a difference in vulnerability of tissue to increased VFP. It is interesting to note that, even in the tissues adjacent to the ventricular walls, the corpus callosum appeared to be more resistant to increased VFP than were periventricular white matter and the caudate nucleus.
Because impedance represents resistance to electric current conduction in the tissue, brain tissue impedance has been used neurosurgically to determine either brain tumour localisation'°or localisation of a target during stereotaxic surgery." At the same time, basic research in this field has demonstrated an intimate relationship among tissue impedance, anatomical structures, and neuronal activity under physiologial and pathological states.'2-'6 According to these studies, the major determinant of impedance within cerebral tissue is assumed to be the extracellular space size and the character of its electrolyte content. Van Harreveld" 18 stated that when intracellular swelling took place, shift of fluid from extracellular to intracellular space lead to increase in tissue impedance due to gradual occlusion of the extracellular space. Such intracellular swelling might be seen as a white image in an impedograph. Conversely, enlargement of extracellular space brought about decrease in tissue impedance, is observed as dark tone on the impedograph. Experimentally, an increase of impedance has been observed in anoxia which, in some instances, may be accompanied by cytotoxic brain oedema.'8 19 Conversely, a decrease of impedance occurs in vasogenic brain oedema by cold induction' or caused by penetration injury of the brain. 2' In CT of the hydrocephalic brain, periventricular lucency is usually observed during the acute stage. This hypodensity of CT image is thought to represent an oedematous change of the periventricular white matter, resulting from forced movement ofventricular fluid into the tissue as a compensated route of 641 absorption of CSF. 22 In the cerebral impedograph, we failed to find any low impedance zone in the tissue adjacent to the ventricles in hydrocephalic brain. The reason for this discrepancy between the two kinds of images is unknown. The absence of a periventricular low impedance area may be due either to the resolution of the impedograph being insufficient to depict such a subtle change, or to the different mechanisms contributing to impedographic imaging. However, study with chronically implanted electrodes revealed that there was a gradual decrease of impedance in the periventricular white matter along with the development of hydrocephalus. This may be evidence of expansion of extracellular space in restricted sites of periventricular tissue of hydrocephalic brain. On the other hand, an increase of impedance was observed during development of hydrocephalus in some tissues relatively remote from the wall of the ventricles such as the midbrain reticular formation and central part of the thalamus. This increased impedance is supposed to result from shrinkage of extracellular space due to compression by elevated ventricular pressure.
Observation of impedance in the hydrocephalic brain allowed definition of changes in both the morphology and physical characteristics of the brain secondary to hydrocephalus. However, the significance of these changes in brain impedance is not fully understood and may relate to changes in neuronal function that occur in many pathological conditions. Further studies should be undertaken to relate the change in impedance with specific electrochemical properties in the hydrocephalic brain which may lead to an understanding of disturbed function that may occur with this condition.
